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ABSTRACT: The present study aimed at 
investigating the impact of heat challenges on gut 
microbiota composition in growing pigs and its re-
lationship with pigs’ performance and thermoregu-
lation responses. From a total of 10 F1 sire families, 
558 and 564 backcross Large White × Créole pigs 
were raised and phenotyped from 11 to 23 wk of 
age in temperate (TEMP) and in tropical (TROP) 
climates, respectively. In TEMP, all pigs were sub-
jected to an acute heat challenge (3 wk at 29 °C) from 
23 to 26 wk of age. Feces samples were collected 
at 23 wk of age both in TEMP and TROP climate 
(TEMP23 and TROP23 samples, respectively) and 
at 26 wk of age in TEMP climate (TEMP26 sam-
ples) for 16S rRNA analyses of fecal microbiota 
composition. The fecal microbiota composition 
significantly differed between the 3 environments. 
Using a generalized linear model on microbiota 
composition, 182 operational taxonomic units 
(OTU) and 2 pathways were differentially abundant 
between TEMP23 and TEMP26, and 1,296 OTU 
and 20 pathways between TEMP23 and TROP23. 
Using fecal samples collected at 23 wk of age, pigs 
raised under the 2 climates were discriminated with 
36 OTU using a sparse partial least square dis-
criminant analysis that had a mean classification 
error-rate of 1.7%. In contrast, pigs in TEMP be-
fore the acute heat challenge could be discriminated 
from the pigs in TEMP after the heat challenge 
with 32 OTU and 9.3% error rate. The microbiota 
can be used as biomarker of heat stress exposition. 
Microbiota composition revealed that pigs were 
separated into 2 enterotypes. The enterotypes were 
represented in both climates. Whatever the climate, 
animals belonging to the Turicibacter–Sarcina–
Clostridium sensu stricto dominated enterotype 
were 3.3 kg heavier (P < 0.05) at 11 wk of age than 
those belonging to the Lactobacillus-dominated 
enterotype. This latter enterotype was related 
to a 0.3  °C lower skin temperature (P  <  0.05) at 
23 wk of age. Following the acute heat challenge in 
TEMP, this enterotype had a less-stable rectal tem-
perature (0.34 vs. 0.25 °C variation between weeks 
23 and 24, P < 0.05) without affecting growth per-
formance (P > 0.05). Instability of the enterotypes 
was observed in 34% of the pigs, switching from 
an enterotype to another between 23 and 26 wk of 
age after heat stress. Despite a lower microbial di-
versity, the Turicibacter–Sarcina–Clostridium sensu 
stricto dominated enterotype was better adapted to 
heat stress conditions with lower thermoregulation 
variations.
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INTRODUCTION
In tropical regions and in temperate coun-
tries during summer, high temperatures cause 
economic losses in pig industry (St-Pierre et  al., 
2003). These losses are related to negative effects 
of  heat stress (HS) on reproductive and growth 
performances. The microbiome plays a central role 
in health, nutrient digestion, and more generally 
in host energetic metabolism (Nicholson et  al., 
2012). Varying types of  stress alter the microbial 
composition such as social stress in rats (Suzuki 
et  al., 1983), sanitary stress in piglets (Mulder 
et  al., 2009), and HS in poultry (Suzuki et  al., 
1983; Song et al., 2014) and in dairy cattle (Uyeno 
et al., 2010). Exposure to HS induces changes in 
gut microbial composition in broilers with a de-
crease in the relative abundance of  Lactobacillus 
(Lan et al., 2004). If  relationships between micro-
biota composition and performance have been 
reported in temperate environments (Ramayo-
Caldas et al., 2016; Le Sciellour et al., 2018), no 
results were yet reported under HS conditions. 
We hypothesize that potential changes in micro-
biota composition under HS would help the host 
to cope with stressful conditions. To characterize 
microbial community composition, the gener-
ated data sets using marker gene (i.e., 16S rRNA) 
survey are generally large and complex (counting 
data with many zeros, large variance in data dis-
tribution, etc.) posing substantial “bid data” 
challenges. As a result, these data require specific 
multidimensional statistical methods. Recent ad-
vances in microbiota analysis allow the descrip-
tion of  modifications in microbial abundance 
using appropriate generalized linear models 
(Robinson et al., 2010) and discriminant analyses 
(Lê Cao et  al., 2011). The present study aimed 
at investigating the impact of  hot environmental 
conditions, represented by tropical climate or by 
an acute HS under temperate climate, on pig fecal 
microbiota composition and at evaluating how 
these changes in microbiota composition inter-
play with animal performance.
MATERIALS AND METHODS
The present study was conducted in accord-
ance with the French legislation on animal ex-
perimentation and ethics. The French Ministry 
of Agriculture authorized the experiment on 
living animals at the INRA facilities in temperate 
(TEMP) and tropical (TROP) climates (CE2012-9 
from the Animal Care and Use Committee of 
Poitou-Charentes and 69-2012-2 from the Animal 
Care and Use Committee of French West Indies 
and Guyane) under the direction of Y. Billon and 
J. Fleury (INRA-PTEA; authorization number by 
the French Ministry of Agriculture and Fisheries: 
17015 and 971-2011-03-7704, respectively).
Animals and Experimental Design
Data used in the present study were obtained 
from a backcross design in which 60 and 70 Large 
White (LW) dams in TEMP area (INRA-Génétique, 
Expérimentation et Systèmes Innovants, Poitou-
Charentes, France; 46°N, 0.45°W) and in TROP area 
(INRA-Plateforme Tropicale d’Expérimentation 
sur l’Animal, Guadeloupe, French West Indies; 
16°N, 61°W), respectively, were inseminated with 
the same 10 F1 (LW × Créole) boars. Créole breed 
is a local tropical breed. Full details on the ex-
perimental design are given by Rosé et al. (2017). 
Finally, 558 and 564 backcross pigs (castrated 
males and females) in 12 batches were produced in 
TEMP and TROP climates, respectively.
The general animal management conditions 
were homogenized in both climates before starting 
the study. We ensured the consistency of this man-
agement by sending farm technicians from the farm 
in TEMP area to the farm on TROP area and tech-
nicians from the farm in TROP area to the farm 
on TEMP area. Pigs were weaned at 28 d of age. 
During the post-weaning period (10 wk), the pigs 
were housed in pens of 22 animals in the TEMP 
climate and in pens of 12 animals in the TROP cli-
mate. At 10 wk of age, 60 of the 64 pigs were ran-
domly selected and housed in pens of 10 animals 
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of the same sex in both TEMP and TROP climates. 
After 1 wk of adaptation, the test period started at 
week 11 and ended at week 23. Whatever the cli-
mate, pigs had a free access to water and were fed 
ad libitum with a commercial grower diet presented 
as pellets. For practical reasons, the diets in both 
environments were formulated with different raw 
materials (wheat, corn, barley, and soybean meal 
in TEMP, and corn and soybean meal in TROP) 
but resulted in the same chemical and nutritional 
composition (16.0% vs. 16.4% crude protein and 
13.9 and 13.5 MJ digestible energy/kg in TEMP 
and TROP area, respectively; Rosé et al., 2017). In 
both environments, the diets did not contain any 
antibiotic, pre- or pro-biotic, or any other extracts. 
At 23 wk of age, TEMP pigs were moved to a cli-
matic room and submitted to a constant ambient 
temperature of about 29  °C (29.0 ± 1.3  °C) for 3 
consecutive weeks.
Measurements and Samples
The live body weights (BW) were recorded 
every 2 wk from 11 to 23 wk of age. The average 
daily body weight gain (ADG) was calculated from 
the BW difference between the beginning and the 
end of each 2-wk periods. The overall ADG was 
also calculated from the BW at 11 and 23 wk of age. 
Feeding stations (ACEMA 128, ACEMO, Pontivy, 
France) were used to record daily feed intake. The 
feed intake of half  of the pigs was recorded during 
weeks 11 to 12, 15 to 16, and 19 to 20, whereas the 
feed intake of the remaining pigs was recorded 
during weeks 13 to 14, 17 to 18, and 21 to 22. 
Average daily feed intake (ADFI) between 11 and 
23  wk of age was then estimated based on these 
measurements as suggested previously (Schulze 
et al., 2001). When the feed consumption was not 
recorded, pigs had free access to a conventional 
feed dispenser. Feed conversion ratio (FCR) was 
calculated as the ratio between ADFI and ADG 
between weeks 11 and 23. Rectal temperature (RT) 
and skin temperature (ST) were measured at weeks 
19 and 23 in TEMP and TROP and at weeks 24 
and 26 in TEMP. Digital thermometers (Microlife 
Corp., Paris, France) were used to measure RT, and 
ST was measured on the back at the P2 site using 
a skin surface thermocouple probe (type K, model 
88002K-IEC; Omega Engineering Inc., Stamford, 
CT) connected to a microprocessor-based handheld 
thermometer (model HH-21; Omega Engineering 
Inc.). Fecal samples were taken directly from the 
rectum on week 23 in both climates, and on week 26 
in TEMP (Fig. 1). These samples were immediately 
stored in barcoded tubes and snap-frozen within 
5 min in liquid nitrogen before storage at −80 °C 
until DNA extraction.
The following abbreviations will be used in the 
current article: TEMP23, TROP23, and TEMP26 
will refer to data collected at 23 wk of age on TEMP 
and TROP and at 26 wk of age on TEMP climate, 
respectively. The chronic HS will refer to the com-
parison between TEMP23 and TROP23. The acute 
HS will refer to the comparison between TEMP23 
and TEMP26.
DNA Sequencing
The DNA extraction was performed with the 
Zimo kit from 50  mg of feces sample according 
to a method previously described by Verschuren 
et  al. (2018). The V3–V4 region of the 16S 
rRNA gene has been amplified by PCR before 
sequencing on an Illumina MiSeq platform. The 
amplification used F460 and R460 primers (F460: 
CTTTCCCTACACG ACGCTCTTCCGATCTA 
CGGRAGGCAGCAG, R460: GGAGTTCAGA 
CGT GTGCTCTTCCGATCTTA CCAGGGTA 
TCTAATCCT) and 30 cycles of PCR with an 
annealing temperature of 65 °C. The resulted 2 × 
Figure 1. Experimental design: pigs were raised under temperate (n = 558) or tropical (n = 564) environments between 11 and 26 wk of age.
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250 bp paired-end sequences were cleaned intern-
ally for length, homopolymers, and undetermined 
nucleotides. Sequencing and sequence cleaning 
have been performed in the GeT-PlaGE platform 
(Toulouse, France).
The VSEARCH software (Rognes et al., 2016) 
was used to remove chimeras from the sequences 
data set and then to de novo cluster the resulting 
sequences into operational taxonomic units (OTU) 
with a threshold of 0.97 similarity. The abundance 
of each OTU in each sample was recorded. Rare 
OTU, representing less than 0.01% of the sequences 
from all samples, were removed. The Usearch soft-
ware (9.2.64_i86linux32 version) was then used for 
taxonomic assignation based on SILVA database. 
The PICRUSt pipeline was applied on the 16S rRNA 
sequencing data (Langille et al., 2013). The resulting 
abundance of KEGG (Kyoto Encyclopedia of Genes 
and Genomes) genes orthologues in each sample was 
further categorized into biological pathways.
Calculations and Statistical Analyses
Statistical analyses were performed under the 
software R version 3.2.5. The effects of the chronic 
HS on production and thermoregulation traits 
were analyzed using an ANOVA model with the 
effect of climate (TEMP vs. TROP), sex type (cas-
trated males vs. females), and sire family (n = 10) 
as fixed effects and the batch within each climate 
as a random effect. The ANOVA model used to 
test the effect of the acute HS on production and 
thermoregulation traits included the fixed effects 
of age (23 vs. 24 vs. 26  wk of age), sex type, sire 
family, and batch. The animal was included in the 
model as a random effect to account for within-pig 
covariability of repeated measurements.
The microbial diversity was assessed by the 
number of species and the Shannon index using 
the Vegan R package (Oksanen et al., 2018). The 
proportions of the variance explained by the envir-
onment, the batch, the sex type, or the sire family 
were evaluated by a principal variance component 
analysis (PVCA) through the Bioconductor R pvca 
package (Bushel, 2018). The effect of the environ-
ment (TEMP23, TROP23, and TEMP26) on the 
relative abundance of the bacteria at the phylum 
level was evaluated through Wilcoxon tests, using 
2  × 2 comparisons. Generalized linear models 
(GLM) were then established using edgeR R 
package (Robinson et al., 2010) to evaluate the im-
pact of the environment on the abundance of each 
OTU and of each pathway. The fixed effect of the 
sex was included in the model. The effect of batch 
within each climate was considered as a random ef-
fect. The analyzed models compared TEMP23 vs. 
TEMP26, and TEMP23 vs. TROP23 for the OTU, 
and also TEMP26 vs. TROP23 for the pathways. 
The P-values were adjusted for multiple tests with 
the Benjamini–Hochberg method. In addition, a 
threshold was fixed to 0.5 log2 fold change to ex-
tract the most differentially represented pathways 
in the studied environments.
To predict the environment in which the 
pigs were raised based on their microbial data, 
sparse partial least squares discriminant analyses 
(sPLS-DA) were performed by using MixOmics R 
package (Lê Cao et al., 2011). The sPLS-DA was 
performed on the OTU table previously normalized 
through a total sum scaling and centered log ratio 
transformation. This table was not rarefied and the 
counts varied between 7,000 and 75,234 sequences 
per sample. A  M-fold cross-validation was per-
formed to evaluate the error rate of the models with 
10-folds and 10 times repetition.
To aggregate abundance profiles into groups 
with similar bacterial compositions, enterotypes 
were constituted according to Arumugam et  al. 
(2011). Samples were clustered based on the relative 
genus abundances using Jensen–Shannon divergence 
distance and the Partitioning Around Medoids 
clustering algorithm. The results were assessed for 
the optimal number of clusters (enterotypes) using 
the Calinski–Harabasz Index. The statistical sig-
nificance of the optimal clustering was evaluated 
by comparing the Silhouette coefficient of the op-
timal clustering to a distribution of Silhouette 
coefficients derived from a simulation from 100 
different randomized tables, which modeled the 
null distribution with no clustering. The random-
ized tables were based on the original relative genus 
abundance table randomly reorganized by sample. 
Genera abundances between enterotypes were com-
pared using Kruskal–Wallis tests. The effects of the 
enterotypes on performance and thermoregulatory 
responses measured between 11 and 23 wk of age 
and microbial diversity were tested using ANOVA 
models including the effect of enterotype, climate, 
sex type, sire family, and interactions. The effect of 
enterotypes established at 23 wk of age on pigs’ per-
formance, thermoregulatory response, and micro-
bial diversity during the acute HS in TEMP climate 
was analyzed by ANOVA. The models included the 
effect of the batch, sex, sire family, and interactions. 
The models also included random effects: the ADG 
between 21 and 23 wk of age, the ST and the RT 
between 19 and 23 wk of age, and the number of 
OTU and the Shannon index at 23 wk of age.
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RESULTS
Animal Performance
Between 11 and 23 wk of  age, the daily ambient 
temperature averaged 25.2 and 26.3 °C in TEMP 
and TROP climates, respectively. On the subset 
of  pigs with fecal samples at 23  wk of  age, 520 
and 531 pigs had full records for growth perform-
ance and thermoregulation responses in TEMP 
and in TROP, respectively. The ADG and ADFI 
were lower (754 vs. 836 g/d, SE = 9, P < 0.05 and 
1.76 vs. 2.22 kg/d, SE = 0.05, P < 0.05, respect-
ively) in TROP when compared with the TEMP 
conditions (Fig. 2). The FCR did not differ be-
tween TROP and TEMP climates (2.43 vs. 2.66, 
SE = 0.09, P = 0.08). At 23 wk of  age, TEMP pigs 
were 19 kg heavier (SE = 1, P < 0.05) compared 
with pigs raised under TROP conditions. The RT 
was 0.1 °C greater (SE = 0.03, P < 0.05) in pigs 
raised in the TROP climate compared with pigs 
raised in the TEMP climate. Similarly, ST was 
greater in TROP than in TEMP climate (35.7 vs. 
34.5 °C, SE = 0.2, P < 0.05).
In TEMP climate, the ADG decreased from 
835 to 583 g/d between weeks 23 and 24 (SE = 12, 
P < 0.05) and thereafter remained stable from 24 to 
26 wk of age (589 g/d on average; SE = 12, P > 0.05; 
Fig. 3). Regarding the thermoregulation responses, 
both RT and ST increased from weeks 23 to 24 
(39.3 to 39.6 °C, SE = 0.02, P < 0.05 and 34.5 to 
36.6 °C, SE = 0.04, P < 0.05, respectively). Between 
weeks 24 and 26, RT and ST were reduced from 36.6 
to 36.3 °C (SE = 0.02, P < 0.05) and from 39.6 to 
39.4 °C (SE = 0.04, P < 0.05), respectively.
Impact of an HS on Microbiota Composition
In the fecal samples collected in the present 
study, the number of sequences ranged from 1 to 
75,234 with an average value of 21,194  ± 11,539 
sequences. Only the 1,583 samples containing more 
than 7,000 sequences were retained for further ana-
lyses (526 samples in TEMP23 and TEMP26 and 
531 in TROP23). After filtration for the rare OTU, 
a total of 1,688 OTU remained in our data set. The 
average Prevotella abundance was 5.6% ± 5.1% and 
average Ruminococcus abundance was 0.3% ± 0.2%. 
Figure 2. Effect of a chronic heat stress represented by temperate and tropical climates (TEMP and TROP, respectively) on average daily gain 
(ADG11–23), average daily feed intake (ADFI11–23), and feed conversion ratio (FCR11–23) between 11 and 23 wk of age, on body weight at 23 wk of 
age (BW23) and on skin and rectal temperatures at 23 wk of age (ST23 and RT23, respectively). Least squares means within a trait with different 
superscripts significantly differ (P < 0.05).
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The Mitsuokella and Treponema genera abundance 
reached 0.1% ± 0.1% and 0.5% ± 0.6%, respectively.
Fecal samples from the TEMP26 group pre-
sented a greater richness compared with those of 
the TEMP23 group (P  <  0.05), but no difference 
in Shannon index (P = 0.13). Fecal samples from 
the TROP23 group did not differ from those of 
the TEMP23 and TEMP26 groups in the observed 
counts (P  =  0.63 and 0.75, respectively), but pre-
sented a lower Shannon index (P < 0.05). Based on 
the PVCA, the environment (TEMP23, TEMP26, 
or TROP23) explained 20% of the total variance 
of the microbial composition; the sire family ac-
counted for 3.9%, the batch for 3.2%, and the sex 
type for 0.8% of the total variance. The micro-
biota composition was dominated by Firmicutes 
and Bacteroidetes phyla (91.7%, 88.3%, and 
87.5% for TEMP23, TEMP26, and TROP23, re-
spectively). The relative abundance of Firmicutes, 
Proteobacteria, and Spirochaetes was greater 
(P  <  0.05) under TROP climate when compared 
with TEMP climate (Table 1). The relative abun-
dance of Actinobacteria and Bacteroidetes was 
greater (P  <  0.05) in TEMP23 than in TEMP26 
and TROP23 environments.
Using the GLM from edgeR package, the 
comparison of the microbiota from TEMP23 and 
TROP23 highlighted 1,296 OTU with significantly 
different abundance between the climates: 728 OTU 
significantly more abundant in TEMP23 and 568 
OTU more abundant in TROP23 (P < 0.05; Fig. 4). 
The corresponding analysis for the comparison be-
tween TEMP23 and TEMP26 revealed 87 OTU sig-
nificantly more abundant in TEMP23 and 95 OUT 
more abundant in TEMP26 (P < 0.05). Based on 
these comparisons, we could extract the OTU sys-
tematically more abundant in hot conditions (either 
under TROP climate or after a heat challenge under 
TEMP climate). These 78 OTU belonged mainly to 
the Prevotellaceae family (41% of the OTU) and 
the Lachnospiraceae family (18%). On the contrary, 
37% of the 43 OTU always more abundant under 
TEMP23 came from the Clostridiaceae 1 family 
and 5% from the Peptostreptococcaceae family.
The GLM analysis extracted 3 functional 
pathways related to metabolism (biosynthesis of 
isoflavonoids, steroid hormones, and betalain) 
over-represented in TEMP23 compared with 
TROP23 (Fig. 5). In contrast, 17 pathways were 
over-represented in TROP23 and they were related 
to human diseases (5 pathways), metabolism (4 path-
ways), genetic information processing (3 pathways), 
cellular processes (2 pathways), and organismal 
systems (3 pathways). The steroid hormone biosyn-
thesis pathway was over-represented in TEMP23 
compared with TEMP26, and the G protein-
coupled receptor pathway was over-represented in 
TEMP26 compared with TEMP23.
The sPLS-DA allowed the discrimination of pigs 
raised under 2 different environments (Fig. 6). Pigs 
raised under TEMP and TROP climates were dis-
criminated with 0.2% error rate of misclassification 
Table 1.   Relative percentage at phylum level in 
samples collected in temperate climate before 
(TEMP23) and after (TEMP26) an acute heat chal-
lenge and in tropical climate (TROP23)
Phylum TEMP23 TEMP26 TROP23
Firmicutes 66.85a 70.75b 68.73c
Bacteroidetes 24.90a 17.60b 18.80c
Unclassified 5.61a 8.14b 7.27c
Spirochaetes 1.40a 2.11b 3.66c
Proteobacteria 0.79a 0.77a 1.21b
Fibrobacteres 0.25a 0.40b 0.14c
Actinobacteria 0.19a 0.20b 0.17c
Tenericutes 0.01a 0.03b 0.01c
Fusobacteria <0.01 <0.01 <0.01
Deferribacteres <0.01 <0.01 <0.01
a–cMean percentage within a row with different superscripts signifi-
cantly differ (P < 0.05) in a Kruskal–Wallis test.
Figure 3. Effect of an acute heat challenge applied from weeks 24 to 26 on average daily gain (ADG), skin temperature (ST), and rectal tempera-
ture (RT). Least squares means within a trait with different superscripts significantly differ (P < 0.05).
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using 36 OTU on a first component and 89 supple-
mentary OTU on a second component. Among the 
OTU selected on the first and the second compo-
nents, 21% belonged to the Prevotellaceae family. 
As well, fecal samples at TEMP23 and TEMP26 
were used to discriminate pigs before and after the 
acute heat challenge in a multilevel sPLS-DA. The 
discrimination reached 7.1% error rate and used 62 
OTU on 2 components. Among the OTU selected 
on the first and the second components, 19% be-
longed to the Prevotellaceae family and 14% to 
the Lachnospiraceae family. The OTU selected 
in the sPLS-DA were systematically found as dif-
ferentially abundant in the GLM analysis using 
Figure 4. Venn diagrams of the operational taxonomic units differentially abundant in a GLM analysis, aggregated at family level, between 
TEMP23 versus TEMP26 and between TEMP23 versus TROP23.
Figure 5. Functional pathways differentially abundant between the temperate climate at 23 wk (TEMP23) and 26 wk of age (TEMP26) and the 
tropical climate at 23 wk of age (TROP23). Log2 fold changes (logFC) resulted from a 2 × 2 comparison using a generalized linear model analysis 
(false discovery rate < 0.05).
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edgeR package. From the comparison of the 
2 previous sPLS-DA, we extracted 5 OTU sys-
tematically used to discriminate pigs raised in 
TEMP23 from pigs raised in hot conditions. These 
OTU belonged to the Lactobacillaceae family 
(n = 1), Peptostreptococcaceae family (n = 1), and 
Prevotellaceae family (n = 3).
Effect of the Enterotypes on Performance and 
Thermoregulation
Following the methodology of Arumugam et al. 
(2011), the microbiota clustered into 2 enterotypes 
with a mean silhouette value of 0.29 (Fig. 7), 
whereas the mean silhouette value reached by ran-
domized tables was 0.03. This result confirmed 
that the enterotypes were accurately discriminated. 
These 2 enterotypes were represented in each cli-
mate: 261 and 145 pigs clustered in enterotype 1 
(E1) in TEMP23 and in TROP23, respectively, and 
265 and 386 pigs clustered in enterotype 2 (E2) in 
TEMP23 and in TROP23, respectively.
Enterotypes in our experiment differed 
in Lactobacillus, Turicibacter, Sarcina, and 
Clostridium sensu stricto abundances (P  <  0.05). 
The abundance of these latter genera in E1 were 
4.5 ± 3.7%, 0.8 ± 0.5%, 0.8 ± 1.0%, and 2.3 ± 1.6%, 
respectively (Fig. 8). The corresponding values in 
E2 were 23.4 ± 9.1%, 0.3 ± 0.2%, 0.2 ± 0.4%, and 
0.1  ± 1.0%. This second enterotype was domin-
ated by the Lactobacillus genus. According to the 
ANOVA, based on the number of OTU (2,586 vs. 
2,742 OTU in TEMP23 and 2,600 vs. 2,698 OTU 
in TROP23, respectively), the alpha diversity of 
the samples in E2 was greater (P < 0.05) compared 
with the samples in E1. The Shannon index (7.18 
vs. 7.25 in TEMP23 and 7.14 vs. 7.18 in TROP23, 
respectively) confirmed the greater diversity in E2 
compared with E1 (Table 2).
From the ANOVA analysis of  the effect of 
enterotypes on production and thermoregulation 
traits recorded during the growth period in both 
climates, whatever the trait, the interaction be-
tween the enterotypes and the climate was not sig-
nificant (P > 0.05). Pigs in E1 were 3.3 kg heavier at 
week 11 compared with pigs in E2 (P < 0.05; Table 
2). However, the 2 enterotypes did not differ for 
the BW record at 23 wk of age (97.5 vs. 93.8 kg for 
E1 and E2, respectively; P = 0.42). Between 11 and 
23 wk of age, the 2 enterotypes did not relate to 
different ADG (806 vs. 787 g/d for E1 and E2, re-
spectively; P = 0.99), ADFI (2.05 vs. 1.94 kg/d for 
E1 and E2, respectively; P = 0.12), or FCR (2.57 
vs. 2.52 for E1 and E2, respectively; P  =  0.09). 
Regarding the thermoregulation traits, ST at 23 wk 
of age was 0.3 °C greater in E2 pigs compared with 
E1 pigs (34.9 vs. 35.2  °C, respectively; P < 0.05), 
but the RT did not differ between the 2 enterotypes 
Figure 6. Score plot of 2-component sparse partial least square dis-
criminant analysis models showing feces samples clustering according 
to the environment (TEMP23: under temperate climate at week 23 of 
age; TEMP26: under temperate climate after a 3-wk heat challenge 
period; TROP23: under tropical climate at week 23 of age) with per-
centage of variance captured for each principal component. According 
to the cross-validation permutation test, the misclassification error 
rates with 2 components are 0.2 and 7.1% in models 1 (A) and 2 (B), 
respectively.
Figure 7. Distribution of the microbial enterotypes 1 (E1) and 2 
(E2) in 23-wk-old pigs raised in temperate (TEMP23) or tropical 
(TROP23) climates.
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(39.3 vs. 39.4 °C, respectively; P = 0.11). In TEMP 
climate, when pigs were exposed to an acute HS 
challenge between 23 and 26  wk of age, the ani-
mals from both E1 and E2 presented similar ADG 
and ST variation (Table 3). During the acute HS 
challenge, the rise in RT from weeks 23 to 24 was 
greater in pigs from E2 than in those from E1 (0.34 
vs. 0.25 °C, respectively, P < 0.05). On a long-term 
response, between weeks 23 and 26, the RT vari-
ation remained 0.05  °C greater (P  <  0.05) in E2 
compared with E1.
When pigs were exposed to an acute HS 
in TEMP climate, their distribution in the 2 
enterotypes changed. Among the 241 pigs belonging 
to E1 in week 23, 199 (82.6%) remained in the same 
enterotype in week 26, but 42 (17.4%) switched from 
E1 to E2 in week 26. In contrast, 123 pigs remained 
in E2 from weeks 23 to 26 when 122 pigs switched 
from E2 to E1. Performance and thermoregulation 
response of pigs switching from one enterotype to 
another one did not differ from those pigs that re-
mained stable in their enterotype at 23 and 26 wk 
of age. In particular, growth performance and RT 
variation after HS did not differ between pig that 
switched or not (results not shown).
DISCUSSION
Performance and Thermoregulatory Response 
to HS
The effects of tropical climate on performance 
from 11 to 23 wk of age have already been detailed 
by Rosé et  al. (2017). In the subset of pigs with 
fecal samples included in our study, we confirmed 
that ADFI and ADG were significantly reduced 
in TROP compared with TEMP climate. These re-
sults are also in agreement with Renaudeau et al. 
(2006). In TROP, the combined effects of high tem-
perature and high relative humidity possibly ac-
centuate the ADFI reduction due to heat (Granier 
et  al., 1998) due to the low ability of the pigs to 
lose heat by evaporation under high ambient hu-
midity. In agreement with Rosé et al. (2017), feed ef-
ficiency tended to increase in TROP conditions. As 
suggested by Renaudeau et al. (2011), in moderate 
Figure 8. Abundance (% and counts) of the 4 main genera contributing to the microbial enterotypes 1 (E1 in red) and 2 (E2 in turquoise).
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HS conditions, feed efficiency increases due to feed 
restriction effect.
The exposure to a 3-wk acute HS of 29 °C from 
23  wk of age resulted in a significant increase in 
body temperature within the first week of exposure 
(+0.3  °C for RT) followed by a gradual decline 
(−0.1 °C/wk from weeks 24 to 26). This biphasic re-
sponse to an acute HS is in agreement with previous 
studies: the decrease in RT and ST overtime during 
the exposition to high ambient temperature dem-
onstrates a long-term adaptation to HS (Morrison 
and Mount, 1971; Renaudeau et  al., 2007, 2008). 
According to Renaudeau et  al. (2013), this accli-
mation is mainly related to a reduction in meta-
bolic heat production. In addition, this latter study 
showed that the total amount of energy intake is 
reduced in hot conditions with subsequent negative 
effects on both the energy retained and growth per-
formance. This result was confirmed by the reduced 
ADG during the 3-wk exposure to 29 °C, compared 
with that measured between weeks 11 and 23.
Microbiota Composition Response to HS
In accordance with previous studies conducted 
in pigs (Xiao et al., 2016; Holman et al., 2017), fecal 
samples collected in the present study were dom-
inated by Firmicutes and Bacteroidetes. The PVCA 
revealed that the environment explained 20% of the 
total variance in microbiota composition. It led to 
an accurate discrimination of the climates based on 
the microbial abundance information. Indeed, 77% 
of the OTU differed between TEMP and TROP, 
but only 11% differed from fecal samples collected 
before and after acute HS in TEMP climate. In 
addition, the TEMP and TROP pigs could be dis-
criminated using sPLS-DA on fecal microbiota 
composition with a greater accuracy (0.2% error 
rate) than the TEMP23 and TEMP26 pigs (7.1% 
error rate). The 2 climates differed in ambient tem-
perature, humidity, and feed composition among 
others noncontrolled external effects. In contrast, 
the acute heat challenge was applied on the same 
pigs, which drastically reduced the external sources 
of variation. Similarly, heifers raised under tem-
perate- or tropical-simulated climates differed in 
ruminal microbiota composition but when exposed 
to a temperature increase in the TEMP conditions, 
the microbiota composition did not vary (Tajima 
et al., 2007). In this latter study as in our, no differ-
ence in microbial diversity has been observed be-
tween the environmental conditions.
In our experimental conditions, 
Lachnospiraceae abundance in HS conditions 
(TEMP26 and TROP23) increased. However, 
contradictory results were published on the re-
lationship between Lachnospiraceae abundance 
and stressful situations. Mice exposed to the water 
immersion restraint stress showed an increase in 
Lachnospiraceae (Li et  al., 2017). In contrast, 
Table 2.  Effect of the microbial enterotype (E1 and E2) established at 23 wk of age on production traits, 
thermoregulatory responses, and microbial diversity (least square means) in temperate (TEMP) and trop-
ical (TROP) climates
Item1
TEMP TROP
RSD2 Statistics3E 1 E 2 E 1 E 2
No. of pigs 261 265 145 386   
Production and thermoregulatory traits
 BW11, kg 32
a 31a 22b 21c 4 E, C, F
 BW23, kg 104
a 104a 86b 85b 10 C, S, F
 ADG11–23, g/d 835
a 837a 754b 754b 86 C, S, F
 ADFI11–23, kg/d 2.2
a 2.2a 1.7b 1.8b 0.4 C, S, F
 FCR11–23 2.69 2.63 2.37 2.45 0.47 C, S, F
 ST23, °C 34.5
a 34.5a 35.5b 35.7c 0.7 E, C, S, F
 RT23, °C 39.2
a 39.3ab 39.4b 39.4b 0.3 C, S, F
Microbial diversity at 23 wk of age
 No. of OTU 2,586a 2,742b 2,600a 2,698b 222 E, S
 Shannon Index 7.18a 7.25b 7.14a 7.18a 0.18 E, F
1BW11 and BW23 = body weight at 11 and 23 wk of age, ADG11–23 = average daily gain between 11 and 23 wk of age; ADFI11–23 = average daily 
feed intake between 11 and 23 wk of age; FCR11–23 = feed conversion ratio between 11 and 23 wk of age; ST23 = skin temperature at 23 wk of age; 
RT23 = rectal temperature at 23 wk of age; OTU = operational taxonomic unit.
2Residual standard deviation from an ANOVA model accounting for the enterotype (E), the climate (C), the sex type (S), the sire family (F), the 
batch, and the interactions E × C and E × S.
3Significant effects (P < 0.05). Batch effect was significant for all traits and is not reported in the table.
a–cLeast squares means within a row with different superscripts significantly differ (P < 0.05).
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Lachnospiraceae abundance was negatively correl-
ated with hematological measure of stress in squir-
rels (Stothart and Newman, 2017). From that, it can 
be hypothesized that changes in Lachnospiraceae 
abundance would depend on the nature of stress.
In our study, among the OTU, more abundant 
in TEMP23 compared with TROP23, 19% belonged 
to Lactobacillaceae. This family was also highly rep-
resented in OTU that discriminated the 2 climatic 
conditions with the sPLS-DA. Similarly, the rela-
tive abundance of Lactobacillaceae was depleted 
in HS broilers (Song et al., 2014). At a functional 
level, Lactobacillus and Clostridium possess a bile 
salt hydrolase which participates to the detoxifica-
tion of bile acids in the gut (Krishnan et al., 2015). 
As a result, reduced Lactobacillus and Clostridium 
abundance observed in our HS conditions 
(TEMP26 and TROP23) could be connected to the 
over-represented bile secretion pathway reported 
in these HS conditions. According to Krishnan 
et al. (2015), the bile acid secretion favors the gut 
colonization by pathogens. The greater abundance 
of potentially pathogenic Prevotellaceae in TROP 
compared with TEMP would illustrate a greater 
colonization of the gut by pathogenic bacteria in 
HS conditions (Larsen, 2017). In human, Prevotella 
have been associated with chronic inflammatory dis-
eases (Scher et al., 2013; Larsen, 2017). Therefore, 
we could hypothesize that Prevotellaceae bacteria 
may have participated to the over-representation 
of disease-related pathways in our experiment. 
Unfortunately, we did not measure traits related 
to diseases in TROP. Cytochromes P450 enzymes 
(CYP)-related pathway was also over-represented 
in TROP climate. In agreement, CYP expression 
was improved in HS mice (Bhusari et  al., 2007). 
These CYP play an important role in gut health im-
provement by acting on the degradation of bile acid 
(Hrycay et al., 2014; Li and Apte, 2015), drugs and 
xenobiotics (Wilson and Nicholson, 2017). In other 
words, the over-representation of CYP pathway 
in hot conditions could be considered as a conse-
quence of the deterioration of gut health.
As explained before, the reduced abundance of 
Lactobacillaceae in HS conditions could be the first 
step of a dysbiosis and subsequent gut inflammation 
(Rojo et al., 2017). From that, it can be hypothe-
sized that nutritional strategies based on probiotics 
supplementation with Lactobacillus species would 
help pigs to cope with the effects of HS. In broilers, 
when Lactobacillaceae abundance decreased, a 
dietary supplementation with Lactobacillaceae 
Table 3.  Effect of the microbial enterotype (E1 and E2) established at 23 wk of age on production traits, 
thermoregulatory responses, and microbial diversity (least square means) after an acute heat stress in tem-
perate climate
Item1 E 1 E 2 RSD2 Statistics3
No. of pigs 261 265   
Production and thermoregulatory traits
 Short-term response (from 23 to 24 wk)
  ADG, g/d 590 600 390 F, ADG21–23
  Change in ST, °C 2.20 2.11 0.98 F, ST19–23
  Change in RT, °C 0.25a 0.34b 0.45 E, RT19–23, E × S
 Long-term response (from 23 to 26 wk)
  ADG, g/d 579 589 157 F, ADG21–23, E × S
  Change in ST, °C 1.86 1.87 0.87 ST19–23
  Change in RT, °C 0.09a 0.14b 0.43 E, RT19–23, E × S
Microbial diversity
 No. of OTU
  At 23 wk 2,586a 2,742b 226 E, F
  Change from 23 to 26 wk 12 41 201 No. of OTU23
 Shannon index
  At 23 wk 7.18a 7.25b 0.19 E, F
  Change from 23 to 26 wk −0.02 0.01 0.15 F, Shannon index23
1ST = skin temperature; OTU = operational taxonomic unit; RT = rectal temperature.
2Residual standard deviation from an ANOVA model accounting for the enterotype (E), the sex type (S), the sire family (F), the batch, and the 
interactions E × S. The models for short- or long-term responses also accounted for the ADG between 21 and 23 wk of age (ADG21–23), the ST and 
the RT between 19 and 23 wk of age (ST19–23 and RT19–23, respectively), the number of OTU and the Shannon index at 23 wk of age (no. of OTU23 
and Shannon index23, respectively) for ADG, ST, RT, number of OTU, and Shannon index variations, respectively.
3Significant effects (P < 0.05). Batch effect was significant for all traits and is not reported in the table.
a–bLeast squares means within a row with different superscripts significantly differ (P < 0.05).
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improved the broilers’ adaptation to acute HS (Lan 
et al., 2004). In pigs, Lactobacillus strains are often 
used as a probiotic to improve the immune system 
and the growth performances (Hou et  al., 2015; 
Valeriano et al., 2017) but have not been tested yet 
in HS conditions. Therefore, Lactobacillaceae sup-
plementation could be investigated to improve the 
pigs’ adaptation to HS.
The apoptosis and ubiquitin system path-
ways were over-represented in TROP compared 
with TEMP. In HS broilers, heat shock proteins 
including ubiquitin were upregulated (Li et  al., 
2011), whereas proteins that negatively regulate 
apoptosis, among which the ubiquitin-specific pro-
teinase 45, were downregulated in broilers (Li et al., 
2011; Loyau et al., 2016; Wang et al., 2018) and in 
mammals (Parag et  al., 1987; Riezman, 2004). In 
particular, the cellular apoptosis and protein deg-
radation through the ubiquitin system in chronic 
HS conditions was demonstrated in finishing pigs 
(Cui et al., 2016). This could be due to an accumu-
lation of denaturized proteins and the activation of 
the mitochondrial-dependent apoptosis pathway in 
HS pigs (Gu et al., 2015).
Enterotypes and Heat Challenge Perturbation
We classified our fecal samples collected on 
23-wk-old pigs based on the relative abundance of 
microbial genera into 2 enterotypes, according to 
the methodology from Arumugam et  al. (2011). 
Using the same mathematical methodology, 
Ramayo-Caldas et  al. (2016) had also defined 2 
enterotypes (post-weaning enterotype A [PEA] and 
post-weaning enterotype B [PEB]) with feces sam-
ples collected on 60-d-old pigs. The alpha diversity 
in the PEA enterotype was greater than in the PEB 
enterotype. Similarly, microbiota diversity differed 
between the 2 enterotypes found in the present study. 
Whatever the climate, E1 enterotype presented a 
lower diversity compared with E2. In the study by 
Ramayo-Caldas et al. (2016), the PEA enterotype 
was dominated by Ruminococcus and Treponema, 
whereas the PEB enterotype was dominated by 
Prevotella and Mitsuokella. In our experiment, the 
relative abundance of Prevotella and Mitsuokella 
corresponded for all samples to the PEA enterotype. 
However, the relative abundance of Ruminococcus 
and Treponema measured in our fecal samples situ-
ated all of them in the PEB enterotype. As a con-
sequence, the enterotypes as defined previously 
(Ramayo-Caldas et  al., 2016) were not applicable 
in our study. The discrepancy between this previous 
study and the present one could be related to the 
difference of age at sampling the feces. According 
to Zhao et al. (2015), the microbiota composition 
is not fully stabilized at 60 d of age and evolves 
with aging. Similarly, microbiota composition of 
healthy humans evolved continuously throughout 
time between 3 enterotypes previously defined by 
Arumugam et  al. (2011) (Knights et  al., 2014). 
These results suggest that the enterotypes’ defin-
ition is probably age dependent. The instability of 
the enterotypes is one reason why the notion of 
enterotype is highly controverted (Huse et al., 2012; 
Jeffery et al., 2012; Gorvitovskaia et al., 2016). In 
addition, between 23 and 26 wk of age, part of the 
pigs switched from an enterotype to another, and 
this switch was not related to changes in production 
traits or in HS tolerance. The evolution in micro-
biota composition could have been accentuated by 
environmental climatic conditions. Similarly, other 
environmental factors such as feeding management 
can trigger modifications of the microbiota com-
position within 24 h and induced a switch between 
enterotypes in human (Wu et al., 2011) and in pig-
lets (Mach et al., 2015).
Pigs belonging to E1, with minimal microbial 
diversity, were heavier at the beginning of the ex-
periment compared with pigs in E2. In accordance, 
60-d-old pigs in PEB enterotype, with minimal mi-
crobial diversity, were heavier than the pigs in PEA 
enterotype (Ramayo-Caldas et al., 2016). However, 
we did not observe significant differences in ADG 
despite a cluster-related growth performance previ-
ously observed in younger pigs (Mach et al., 2015; 
Ramayo-Caldas et al., 2016), maybe due to the dif-
ferences between the defined enterotypes in these 
studies compared with ours. In the present experi-
ment, growth and feeding performances were not 
related to enterotypes in any climate until 23 wk of 
age. Regarding the impact of the enterotypes on ac-
climation responses to HS, pigs in the E1 enterotype 
presented lower ST variation in TEMP and TROP 
between 19 and 23 wk of age. In addition, pigs in E1 
exposed to an acute HS in TEMP showed a more 
stable RT at short and long terms compared with 
pigs in E2. Therefore, we hypothesized that, despite 
a lower microbial diversity, the specific microbiota 
composition in the E1 would help the host to better 
cope with the heat perturbation compared with 
pigs in the E2. However, this hypothesis has to be 
validated in further investigations.
This study demonstrated that fecal microbiota 
composition is significantly influenced by the cli-
matic conditions. However, it remains unclear how 
this shift affects microbiota functions and helps 
the host to better cope with HS conditions. Better 
13Heat stress impact on pig fecal microbiota
understanding of  the physiological role of  micro-
bial populations that are significantly affected by 
chronic and acute HS could help to develop tar-
geted approaches to prevent heat distress in swine.
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